Bioconvection is an intriguing pattern-forming phenomenon driven by the swimming activity of various aquatic microorganisms. It is generally assumed that bioconvection has a positive effect on the entire microbial population by carrying oxygen into deep layers of non-aerated suspensions. In order to examine the presence of such a biological benefit, we analysed the correlation between bioconvective pattern formation and population growth of several Bacillus subtilis and Bacillus licheniformis strains under nonaerated conditions. Bioconvection is a robust phenomenon, we observed its development in numerous cultures of various strains and growth phases. Nevertheless, evaluation of the data has not revealed detectable positive effects on population growth, questioning the potential biological relevance of bioconvection in natural habitats.
Introduction
In most natural aquatic ecosystems, microorganisms are advected more or less passively in the large-scale flows generated by various imbalances of the environment. In a quiescent fluid, however, even their slow motion (typically a couple of metres per day) and physical interactions can result in considerable spatial rearrangements, and influence the dynamics of the system (Mendelson, 1999) .
Bioconvection is one of the oldest documented collective behaviours of independent microorganisms (Wager, 1911; Loeffer and Mefferd, 1952; Platt, 1961; Plesset and Winet, 1974) , arising spontaneously in suspensions of diverse swimming microorganisms such as bacteria, algae or ciliated protozoa (Kessler, 1985; Pedley and Kessler, 1992; Kessler and Wojciechowski, 1997) . Typically, bioconvective pattern formation occurs in shallow suspensions at high cell concentration if the density of cells is 5-15% larger than that of water and the average direction of the microorganisms' swimming is upward in response to some external stimulus, e.g. gravity, light or oxygen-concentration gradient. For instance, in nonaerated suspensions of B. subtilis (aerob, soil-living bacteria) upward swimming is a chemotactic behaviour directed by the oxygen gradient (Taylor et al ., 1999) . The continuous upward swimming results in a density inversion, i.e. the surface layer of the suspension becomes denser than the bulk. This configuration is mechanically unstable, and through a Rayleigh-Taylor instability (Plesset and Winet, 1974 ) the top layer sinks in vertical plumes (Fig. 1) . As the velocity of the emerging fluid motion is larger than the swimming speed of the microorganisms, they are dragged along from the surface into the bulk of the liquid. Recently, a number of theoretical (Pedley and Kessler, 1992; Kessler et al ., 2000) and experimental (Bees and Hill, 1997; Jánosi et al ., 1998; Czirók et al ., 2000) studies analysed the physical aspects of bioconvection.
By contrast, the biological relevance of bioconvection is poorly understood. Since parcels of oxygen-rich surface fluid are dragged down with sinking plumes, bioconvection was speculated to transport oxygen deep into the culture at a rate much faster than diffusion, thus having a positive effect on the whole microbial population (Kessler and Hill, 1995; . Furthermore, analogies with more developed circulatory-respiratory systems have been drawn (Turner, 2000) . However, experimental evidence to support this postulated beneficial effect of bioconvection is lacking. Ideally, the effect of pattern formation could be directly examined by 'switching on and off' bioconvection in a culture, while simultaneously monitoring population growth. Unfortunately, such experimental attempts remain inconclusive. When bioconvection was switched off by increasing the density of the surrounding medium (Lebert and Häder, 1996; Bees, 1996) , side effects of the added substances could not be avoided. Although reduction of gravitational driving forces in a microgravity environment (Noever, 1991; Mogami et al ., 2001 ) resulted in changes in pattern morphology, the characteristic time (1-2 min) of periodically decreased gravity was too short to detect a clear difference in population growth.
To test whether bioconvection has a positive effect on bacterial populations, we employed a different strategy. Growth rates of several aerobic, bioconvective and nonpattern-forming B. subtilis and B. licheniformis strains were compared under non-aerated conditions. Statistical analysis failed to reveal significant differences between population growth of pattern-forming and non-pattern-forming strains indicating that the assumed positive (growthpromoting) effect of bioconvection might not exist, or is very weak and below our detection levels.
Results
Population growth of 8 B. subtilis and 13 B. licheniformis strains (Table 1) was monitored under pattern-forming conditions (shallow, non-aerated cultures) and under wellaerated conditions as a control. Starter cultures were divided: one half was maintained as an aerated reference, while the other population was distributed into Petri dishes and kept under pattern-forming conditions. The growth of both aerated and non-aerated cultures was monitored by periodic sampling and optical density (OD) measurements of the suspensions. Swimming activity and pattern formation were simultaneously detected by visual inspection (see Experimental procedures ). If bioconvection is an efficient oxygen-transporting mechanism, pattern-forming cultures under non-aerated conditions could grow more efficiently than non-pattern-forming ones. Population growth curves of aerated cultures were similar (Fig. 2) ; reference populations underwent an exponential phase-like growth for 3-4 h following dilution. After that period, cultures gradually turned to a stationary phase, a process characterized by reduced growth rates, accumulation of long filaments of non-septated bacteria, sporulation, and in the case of swimming cultures, diminishing swimming speeds. In aerated cultures, each B. subtilis and 4 out of 13 B. licheniformis strains showed certain swimming activity (Table 1) . Population growth in aerated cultures was essentially independent from swimming activity; non-swimming strains grew as robustly as swimming strains.
In line with previous reports (Kessler, 1985; Kessler and Wojciechowski, 1997; Jánosi et al ., 1998) we found that pattern formation correlated with swimming activity. Bacillus licheniformis strains that showed no swimming activity also failed to form bioconvective patterns. The vast majority (except for B. subtilis S16) of swimming strains exhibited bioconvection, although the time required for pattern formation varied with cultures and cell concentration. Pattern formation was most intense in cultures of small (2-5 m m) active cells at high cell concentrations (OD 0.6-0.9 ª 4-7 × 10 8 cells cm − 3 ), however, bioconvective patterns could also be detected in the presence of non-septated cells (S14, S15 strains), or in relatively low density suspensions (S6-3, S18) ( Table 1) . In older cultures, where Side view of pattern formation in a thin upright container (top five frames). Instability developed after 1.5 min in a suspension of Bacillus subtilis (S18, see Table 1 ), OD = 0.84. Subsequent snapshots are taken at 30 s intervals (the humps on the free surface are the consequence of strong capillary effects, the wall-to-wall distance is 1.2 mm only.) Bottom frame. Top view of patterns in a Petri dish filled with the same suspension. All the frames are inverted dark-field images, thus stronger greyness indicates higher cell concentration. sporulation was clearly visible, the convection was weak, if present at all. Swimming B. licheniformis strains (L5, L7, L11, L12) behaved in certain experiments as non-patternforming cultures (Table 1) . These changes in bioconvective activity did not strictly correlate with cell density, culture morphology or swimming characteristics, suggesting that bioconvection might also depend on additional, as yet unidentified, culture conditions. A strong growth decrease was observed in non-aerated cultures, both in the presence and absence of bioconvection (Table 2) . We emphasise that our initial OD values are within the usual range applied in bioconvection experiments. The phenomenon is bound to high cell concentrations; bioconvective instability involves the development of a mass inversion in the liquid. Sufficiently large density gradients can only be built up by large gradients in cell concentrations. Although the population growth at such OD values is usually slower than in the pure exponential phase (Fig. 2) , we detected significant differences in the growth of aerated and non-aerated cultures in each case (Table 2) . Non-swimming cultures formed a dense sediment at the bottom of Petri dishes, or clumped together forming macroscopic flakes. Nevertheless, some of these cultures exhibited positive growth rates.
In the search for systematic differences in growth of bioconvecting and non-bioconvecting cultures, timedependent yields (change in OD per unit time) and growth rates (relative change in OD per unit time) were calculated from the growth curves. Each culture was characterized by its average yield v (in units of OD min − 1 ), together with Fig. 3 ) were compared by two complementary statistical tests. The two-dimensional version of the robust KolmogorovSmirnov test 'blindly' compares two distributions, without any underlying assumptions on the nature of the difference. In addition, motivated by the empirically found form of the distribution, linear regressions for both data sets ). The lack of a clear separation of the sets denoted by empty circles and grey triangles indicates that there is no significant difference between the pattern-forming and non-pattern-forming groups.
were calculated, taking into account uncertainties of both co-ordinates. As Table 3 shows, neither of these tests revealed statistically significant differences (for details, see Experimental procedures). Our sampling of various Bacillus strains therefore concludes that if bioconvecting cultures tend to have any proliferative advantage under pattern-forming conditions, then that effect is small (less than 20% change in proliferation rate) and easily masked by various other factors determining the growth characteristics of the various strains.
Discussion
Bioconvection is supposed to transport oxygen efficiently in cell suspensions, thus increasing the growth rate of pattern-forming bacteria, such as B. subtilis in quiescent, non-aerated aquatic environments. However, this assumption was criticised as ecologically irrelevant, arguing that pattern formation requires specific conditions which might not occur in natural environments (LaBarbera, 2000) . Here we show that the postulated positive effect of bioconvection is undetectable even under conditions assumed to be ideal for pattern formation.
Bioconvective pattern formation of B. subtilis is well documented. We found that actively motile strains of the closely related B. licheniformis could also form patterns. However, the bioconvection of B. licheniformis strains was less predictable, as swimming strains sometimes failed to form patterns. Since B. licheniformis is a facultative aerobic bacterium, switching to anaerobic metabolism could influence the cells' chemotactic behaviour and therefore the formation of convection patterns as well.
We think that the essential difference between the reference and quiescent cultures is the difference in oxygen supply, because populations at the beginning of experiments were genetically uniform, grown in the same broth, and adapted to room temperature growth. If bioconvection was an effective aerating process, then higher relative growth rates would be expected in bioconvecting cultures compared to similar non-pattern-forming populations. To eliminate the effect of differences within the intrinsic growth rates of the various strains, the data units of our statistical analyses were the rate (or yield) pairs describing the growth both in the non-aerated as well as in the reference, aerated, environments. However, neither of the two independent statistical analyses could reveal significant differences in growth rates of pattern-forming and non-pattern-forming cultures.
Our negative results do not necessarily prove that bioconvection does not have any positive effect on a microbial population. Although our study of growth rates (the only straightforward factor determining the strains' fitness) did not reveal any advantage of bioconvective pattern formation, one cannot exclude benefits in other, more specific characteristics such as enhanced sporulation success. Alternatively, the postulated positive effect of bioconvection does not exist, i.e. it is not a significant means of transporting oxygen into the bulk of suspension. This interpretation is supported by the following estimates on the oxygen transport efficiency within a bioconvecting system.
The measured rate of oxygen consumption for B. subtilis is in the range of 0.5-2 × 10 6 molecules s −1 cell −1 (Wong et al., 1995) . Oxygen concentration at the airsuspension interface is less than 10 mg l −1 ª 10 5 molecules mm −3
, the solubility limit at room temperature. Bioconvection usually develops when the cell concentration is in the order of 10 −3 cells mm . Therefore, the oxygen depletion time in a sinking plume, without a significant oxygen supply, is about 1-2 min. The same depletion time was directly measured by Kessler and Hill (1997) , by detecting the drop of average swimming speed of cells well below the liquid surface. Observed settling velocities for plumes in thin vertical containers are in the range of 3-10 mm min −1 (see Fig. 1 ), which means that net oxygen transport is possible only in shallow, 1-2 mm deep cultures, like the ones used in our experiments. An entire convection cycle is completed when a fluid parcel from the surface submerged to the bottom and subsequently reached the surface again. The related duration time can be several times longer than the time needed for a localized plume to reach the bottom, since the upward velocities close to the surface must be smaller as a consequence of the constraint of continuity and the geometry of the plumes. Therefore, even in these shallow fluid layers, the convection cycle is expected to be in the order of a few minutes (in contrast with the fractions of a second on the shaking table), thus a large portion of the fluid remains oxygen-depleted irrespective of the circulation.
In conclusion, bioconvection is unlikely to transport oxygen efficiently in natural habitats, and therefore could not increase the fitness of pattern-forming strains. Instead, bioconvection seems to be a spontaneously emerging phenomenon, without any optimization for a specific evolutionary advantage. In this respect, it can be thought to The values s > 0.20 and the overlapping error ranges for the regression constants indicate that the pattern-forming and non-patternforming sets (denoted by empty circles and grey triangles in Fig. 3 ) are not significantly different in a statistical sense.
be similar to spontaneous jamming of high-volume highway traffic (see, e.g. Schreckenberg and Wolf, 1998) , which naturally lacks any advantage or optimality.
Experimental procedures

Bacterial strains, culture conditions and proliferation assay
Eight strains of Bacillus subtilis and 13 strains of Bacillus licheniformis were selected for experiments (Table 1) . Overnight liquid cultures were proliferated aerobically in standard Luria-Bertani (LB) broth at 37°C. Starter cultures were diluted into 250 ml (1 part suspension + 1 part LB + 6 parts distilled water) and then grown on a shaker at room temperature (24°C) for 2-6 h in order to accustom the bacteria to the experimental conditions. Room temperature-adapted cultures were split. One half of the suspension was distributed into 8-10 Petri dishes (16 ml each, nominal layer depth 2.8 mm), and kept at rest on a solid table. The remaining part of the suspension was placed back onto the shaker and served as a reference. Population growth was followed by measuring the optical density (OD) at 600 nm every 10-20 min. From the reference culture each time a sample of 1 ml was taken, while one of the parallel non-aerated Petri dish cultures was mixed, 1 ml sample was taken and the rest discarded. We emphasize that other Petri dishes were not touched until the OD measurement.
Detection of swimming and pattern formation
Swimming capabilities (see Table 1 ) were classified by visual observations of the diluted aerated cultures at different ODs under a light microscope (Olympus BX41, 600×). Note that a comparison with standard swarming-plate tests turned out to be inconclusive, in many cases fast-swimming cells performed poorly on agar surface. Pattern formation was also detected by visual inspection. Cell suspensions were completely mixed in the Petri dishes then put on a black photo-paperboard. The time required for development of clear, well visible patterns was measured.
Cell concentration measurement
Population growth was followed by measuring the optical density (OD) at 600 nm (Phillips PU 8625). Cultures in Petri dishes were homogenized by intense swirling prior to sampling. Measuring errors were estimated from repeated readouts after shaking the sample in the cuvette of 1 ml. Cell counting calibration provided that OD 0.85 corresponds to 6 ± 2 × 10 8 cells cm
, and a linear relationship holds with a good accuracy.
Culture yields and growth rates
Average yields for the shaken reference and still distributed cultures v s and v p were determined by linear least-squares fit on the measured OD values as a function of time. Fitting errors ensued from two sources. Firstly, the growth curves were firmly curved in several cases, especially at aging cultures (see Fig. 2) . Secondly, the relatively small individual suspension volumes of 16 ml in the distributed cultures resulted in larger dispersion than at the reference cultures. In order to take into account both effects, we determined the spread of yields Dv s and Dv p as the difference between the maximal and minimal fitted slopes on different parts of the growth curves. For a better comparison of growth 'efficiency' at lower and higher OD values, relative growth rates r and their spreads Dr were obtained by normalization with the initial optical density as r = v/OD 0 .
Kolmogorov-Smirnov (KS) test
The two-dimensional KS method tests the null hypothesis that two sets of measurements come from the same statistical distribution (see Press et al., 1992) . In our case, each data point is characterized by a (v s , v p ) or (r s , r p ) pair of values both for the pattern-forming and non-pattern-forming sets (see Fig. 3 ). The KS statistic D is taken to be the largest difference between the cumulative distribution functions of the two data sets. The significance level s (depending on the sample size) compares D with the theoretical KS probability distribution function Q KS . The method is accurate when the number of data points N ≥ 20 for both sets, which is fulfilled (see Table 2 ). For such sample sizes, s > 0.20 indicates that the two data sets are not significantly different (Press et al., 1992) . Table 3 were obtained by a procedure described by Press et al. (1992) .
Linear regression
